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Summary
The temporal pairing of a neutral stimulus with a rein-
forcer (reward or punishment) can lead to classical
conditioning, a simple form of learning in which the
animal assigns a value (positive or negative) to the
formerly neutral stimulus [1]. Olfactory classical con-
ditioning in Drosophila is a prime model for the analy-
sis of the molecular and neuronal substrate of this
type of learning and memory [2–5]. Neuronal corre-
lates of associative plasticity have been identified in
several regions of the insect brain. In particular, the
mushroom bodies have been shown to be necessary
for aversive olfactory memory formation [6]. However,
little is known about which neurons mediate the rein-
forcing stimulus. Using functional optical imaging,
we now show that dopaminergic projections to the
mushroom-body lobes are weakly activated by odor
stimuli but respond strongly to electric shocks. How-
ever, after one of two odors is paired several times
with an electric shock, odor-evoked activity is signifi-
cantly prolonged only for the “punished” odor. Whereas
dopaminergic neurons mediate rewarding reinforce-
ment in mammals [7], our data suggest a role for av-
ersive reinforcement in Drosophila. However, the
dopaminergic neurons’ capability of mediating and
predicting a reinforcing stimulus appears to be con-
served between Drosophila and mammals.
Results and Discussion
Drosophila has provided a key model organism for the
investigation of associative learning and memory on
the level of genes and neuronal networks [2–5]. In the
most commonly used learning paradigm for Drosophila
[8], an odor acting as the conditioned stimulus (CS+) is
paired with an electric shock acting as the uncondi-
tioned stimulus (US); an unpaired odor (CS−) serves as
a control. As a consequence, the fly learns to avoid
the odor associated with the punishment. This model
system has been proven to be useful in particular for
identifying the neuronal substrates mediating this experi-
ence-dependent change in behavior. One component of
an aversive olfactory short-term memory is dependent on
the expression of rutabaga [9], an adenylate cyclase that
has been assumed to be a molecular coincidence de-
tector of the neuronal activities evoked by CS and US.*Correspondence: afiala@biozentrum.uni-wuerzburg.deExactly this memory component could be localized to
the mushroom body, a higher-order integrative insect
brain center receiving olfactory input from the antennal
lobes [10, 11]. Moreover, blocking the output of Ken-
yon cells during training impairs the expression of an
olfactory memory [12–14], demonstrating that mush-
room-body output is necessary for memory retrieval.
However, it has to be noted that neuronal correlates of
associative learning have also been detected in the an-
tennal lobes of Drosophila [15] and honeybees [16–18].
But which neurons mediate the reinforcing signal
evoked by the US? One hint comes from experiments
in which synaptic transmission from dopaminergic (DA)
neurons has been blocked, leading to an impairment of
aversive (but not appetitive) olfactory learning [19]. In
the present study we analyzed the responsiveness and
plasticity of DA neurons during an aversive training re-
gime. We used the Gal4-UAS system [20] to selectively
express Cameleon 2.1, a genetically encoded calcium
sensor [21] previously used to visualize neuronal activ-
ity in Drosophila in vivo [22], in almost all DA neurons.
A fly line expressing Gal4 under the control of a tyrosine
hydroxylase promotor [23] was used to drive the Ca-
meleon 2.1 expression under UAS control [24]. Because
the best evidence exists for the involvement of the
mushroom body in associative olfactory learning in
Drosophila, we focused in our study on this neuropil.
First, we wanted to analyze whether the mushroom-
body lobes are innervated by dopaminergic neurons.
The Cameleon expression in DA neurons illustrates the
widely ramified arborizations of DA neurons in the Dro-
sophila brain (Figures 1A–1C). Almost the entire brain is
innervated by DA neurons, with particularly dense pro-
jections to parts of the mushroom-body lobes (besides
other densely innervated structures, e.g., parts of the
central complex and parts of the suboesophageal gan-
glion). In order to localize the mushroom bodies and to
detect the innervation of the mushroom body in greater
detail, we generated flies expressing the red fluores-
cent protein DsRed [25] under control of the mush-
room-body-specific promotor mb 247 [10] (Figure 1D)
as well as Cameleon in DA neurons (Figure 1E). This
red-fluorescent landmark enabled us to exactly localize
the terminal arborizations of DA neurons onto the
mushroom body (Figures 1F–1I). The heel region, the α
lobe, and the tip of the β lobe are most strongly inner-
vated, whereas large parts of the horizontal lobes (me-
dial parts of the β lobe and parts of the γ lobe) are more
sparsely innervated. The mushroom bodies’ main olfac-
tory input regions, the calyces, and the primary olfac-
tory neuropils, the antennal lobes, are only faintly in-
nervated. Movies of the entire confocal microscopic
stacks are provided in the Supplemental Data available
with this article online. The movies show the innerva-
tion pattern in greater detail.
Using optical imaging, we visualized stimulus-evoked
calcium activity in DA neurons in vivo. As previously
described in detail [26], a fly was glued with its head
and thorax to a transparent foil, and a hole was cut into
the head capsule, which was then covered with a drop
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1954Figure 1. Innervation Pattern of Dopaminergic Neurons in the Drosophila Brain
(A–C) A whole-mount preparation of a brain expressing the calcium sensor Cameleon in dopaminergic neurons was stained with antibody
nc82, which labels all neuropil regions (A) and anti-GFP-antibody to enhance the Cameleon fluorescence (B). The overlay of (A) in green and
(B) in red illustrates the innervation pattern of the brain (C). The entire confocal stacks can be seen in Movies S1–S3.
(D–F) Whole-mount preparation of a brain showing the red fluorescent DsRed expression in mushroom-body neurons (D) and Cameleon’s
EYFP expression in dopaminergic neurons (E). The overlay of both fluorescent emissions (F) illustrates the innervation of the mushroom body
by dopaminergic neurons.
(G–I) The overlay of DsRed expression in the mushroom body and the Cameleon expression in dopaminergic neurons is shown for the
mushroom body (indicated as a white rectangle in [F]) in greater detail at different confocal planes. Whereas in the mushroom-body calyx
any possible innervation is below our detection threshold (G), dopaminergic neurons innervate most densely the α lobe, the heel region, and
the tips of β and β# lobe (H). The γ lobe is only faintly innervated (I). The entire confocal stack of one hemisphere can be seen in Movie S4,
showing that also the α’ lobe is innervated.
Al: antennal lobe, Cx: Calyx, Kc: Somata of Kenyon cells, Mb: mushroom body, h: heel, Sog: suboesophageal ganglion, α: α lobe, β: β lobe,
γ : γ lobe, arrowheads: somata of dopaminergic neurons. The images shown are confocal optical sections. All scale bars represent 50 m.of Ringer’s solution. Antennae remained unobstructed,
and the animal was placed onto an electric grid under a
wide-field fluorescence microscope. Again, the DsRed
expression in the mushroom bodies was used to deter-
mine the region of the mushroom-body lobes in order
to restrict the analysis to the terminal arborizations of
DA neurons projecting into this structure (Figures 2A–
2C). The comparison of the confocal microscopic
images (Figures 1D–1I) with the image obtained by the
wide-field fluorescence microscope used for optical
imaging (Figures 2A–2C) demonstrates that the mush-
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moom-body lobes and the DA neurons innervating it
ould be localized with good spatial resolution. Within
he region covering the mushroom body lobes, we
easured the emission intensities of Cameleon’s two
luorescent components (F/F), the enhanced yellow
luorescent protein (EYFP) and the enhanced cyan fluo-
escent protein (ECFP) [21]. Changes in the ratio of
YFP to ECFP (R/R) due to fluorescence resonance
nergy transfer (FRET) reflect changes in intracellular
alcium, which binds to the calmodulin moiety of Ca-
eleon. Intracellular free-calcium levels are known to
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1955Figure 2. Calcium Signals in Dopaminergic Neurons and in Olfactory Projection Neurons Evoked by Odor and Electric-Shock Stimuli
(A) Deconvoluted wide-field microscopic image of the DsRed fluorescence expressed in the mushroom body. The white line indicates the
region used for determining calcium activity; this region covers parts of the α lobe (α), β lobe (β), and γ lobe (γ).
(B) Deconvoluted wide-field microscopic image of the Cameleon’s EYFP fluorescence expressed in dopaminergic neurons in the same fly as
that in (A). Dopaminergic arborizations are well resolvable. The region depicted as a white line is used for determining calcium activity.
(C) An overlay of (A) and (B) uses wide-field microscopy to illustrate the resolution of the mushroom body’s innervation by dopaminergic
neurons.
(D) Changes in fluorescence emission intensities (F/F) are determined for the Cameleon’s ECFP (blue line) and EYFP (yellow line). Calcium
influx leads to an increase in the ratio EYFP/ECFP (R/R, black line). A significant increase in calcium activity of 1.1 ± 0.3% R/R (mean ±
SEM) evoked by odor stimuli (average of four stimulations with ethylacetate and four stimulations with benzaldehyde in five animals) (blue
bar) is detectable.
(E) Electric-shock stimulation (red bar) evokes an approximately 5-fold higher calcium signal of 5.8 ± 1.9% R/R (mean ± SEM; average of
two to eight stimulations within the same five animals as in [D]).
(F) Deconvoluted wide-field microsocopic fluorescence image of the terminal arborizations in the calyx and the lateral protocerebral lobe
(Lpl) of olfactory projection neurons expressing Cameleon. The white line covering the calyx indicates the region used for determining
calcium activity.
(G) Calcium signals evoked in the calyx by odor stimuli (blue bar) are shown as the change in the ratio EYFP/ECFP (R/R). Ratio changes
reach values of 2.2 ± 0.2% R/R (mean ± SEM; average of eight stimulations in eight flies).
(H) No change in calcium activity can be observed in the calyx in response to an electric shock (red bar). An average of eight stimulations in
eight flies is shown. All scale bars represent 50 m. Note the different scales!
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1957flies, average of 2-8 stimulations in each fly) (Figure 2E).
Figure 3. Calcium Signals in Dopaminergic Neurons Are Modified in the Course of a Training Procedure
(A) Schematic illustration of the time course of the differential conditioning procedure. The experiment consists of ten trials of optical imaging
recordings, each lasting for 52 s. Each trial is split into two 16 s recordings interrupted by a 20 s break to avoid unnecessary bleaching.
These ten trials are separated by 60 s resting intervals. In the first trial (I), only the US, indicated as the red bar, is presented for 2 s. The
second part of the first trial serves as a background control. In the second trial (II), the two odors, CS + and CS−, lasting for 3 s each, are
presented (pre-training). The following seven trials (III-IX) represent the training phase. In the first 16 s recording of each training trial, the
CS+ is paired with the US. Two seconds after CS+ onset, the US is presented, resulting in an overlap of 1 s. In the second 16 s recording,
the non-reinforced CS− is presented. After training, a post-training trial is performed (X). Again, CS+ and CS− are presented without any rein-
forcement.
(B) Calcium signals determined as the ratio change EYFP/ECFP (R/R) were evoked by electric shock (red curve) as opposed to no stimulus
(black curve) during the US test phase (I).
(C) Calcium activity in the last training trial (IX). One of two odor stimuli (CS+, blue bar) is paired with an electric shock (red bar), resulting in
an odor-evoked increase in calcium activity followed by the strong shock-evoked calcium signal (red curve). By comparison, the unpaired
odor (CS−) evokes only the small calcium signal (black curve).
(D) Comparison of calcium signals evoked by the odor CS+ before (black curve) and after (red curve) the training procedure. Note that the
scale is different than in (B) and (C). The amplitudes 1 s after stimulus onset are indistinguishable before and after training. However, after
training, the odor-evoked calcium signal is prolonged. The three vertical lines indicate the time windows used for a quantitative analysis
shown in (F).
(E) Calcium signals evoked by the odor CS− before (black curve) and after (red curve) the training procedure. No significant difference is
observed in the amplitude before and after training. The three vertical lines indicate the time windows used for a quantitative analysis shown
in (G).
(F) The integrated areas between zero and the R/R values shown in (D) for the CS+ before and after training were calculated within the three
time windows used previously before, during, and after odor stimulation. The differences between the two curves were calculated and are
presented as the training-induced change in activity (mean ± SEM). During the 3 s time window after stimulus cessation, a significant
difference between the calcium activity before and after training is observed.
(G) Likewise, the integrated areas between zero and the R/R values shown in (E) for the CS− before and after training were calculated within
the three time windows used previously before, during, and after odor stimulation. No significant differences during or after stimulation are
observed in comparison to the values seen before stimulation.
All data are shown as mean ± SEM.
vertebrate DA neurons. Mammalian midbrain DA neu-closely correlate with neuronal activity. It must be noted
that, due to its ratiometric nature, the Cameleon sensor
is relatively insensitive to movement artifacts possibly
induced by the stimulus. Movement of brain structures
causes the local EYFP and ECFP signals to change in
the same directions, whereas calcium signals are char-
acterized by changes in opposite directions [26]. For
that reason, the Cameleon sensor, compared with other
fluorescent calcium sensor proteins (unpublished data),
displays a better signal-to-noise ratio in a whole-ani-
mal preparation.
First, we tested for the DA neurons’ responsiveness
to odors and electric shock. A 3 s stimulus with the
odorants benzaldehyde or ethylacetate diluted 10−3 in
mineral oil was applied. These two odorants were cho-
sen because they have been successfully used for be-
havioral-learning experiments [14, 19]. Moreover, pre-
experiments have revealed that these two odorants
evoke approximately similar changes in calcium activi-
ties in terminal arborizations of olfactory projection
neurons. Because the calcium signal intensities evoked
in DA neurons by each odorant were not significantly
different (p > 0.05), the data for the two odors were
pooled (Figure 2D), and four stimulations with each
odorant were averaged for 5 flies. The odors evoked a
significant increase in calcium activity, with a peak of
1.1 ± 0.3% R/R at 1 s after stimulus onset (p < 0.05)
(Figure 2D). A two-second electric shock of 120 V AC
applied to the same flies’ ventral body surface (thorax,
abdomen, and legs) evoked a much stronger and signif-
icant calcium signal, with a peak of 5.8 ± 1.9% R/R
at 1.33 s after stimulus onset and a sustained activity
outlasting the stimulus offset for w4 s (p < 0.05; n = 5Importantly, the calcium response evoked by electric
shock is not the result of a general, nonspecific activa-
tion of the entire brain. We could show this by express-
ing Cameleon in a large population of olfactory pro-
jection neurons by using the Gal4 line GH 146 [27]
(Figure 2F). These neurons connect the antennal lobes
with the calyces and thereby provide the main olfactory
input to the mushroom bodies. In calycal arborizations
of olfactory projection neurons, odor-evoked activity
was reliably detected (Figure 2G), as reported pre-
viously [22], with calcium signals of 2.2 ± 0.2% R/R
(mean ± SEM; n = 8 flies, average of eight stimulations
in each fly). However, electric-shock stimulation in the
same flies did not evoke any detectable calcium signals
(n = 8 flies, average of eight stimulations in each fly)
(Figure 2H). This is in apparent contradiction to a report
of synaptic vesicle release evoked by electric shock in
projection neurons [15] but can perhaps be explained
by the differences in the experimental procedures.
First, in our study the shock was applied via an electric
grid (as in the standard learning paradigm [8]) and not
through an electrode applied to the abdomen. Second,
we focused on terminal arborizations of olfactory pro-
jection neurons to the mushroom-body calyx and not
on the antennal lobe. Alternatively, the different sensors
used (ratiometric Cameleon versus nonratiometric Syn-
aptopHluorin) could also account for the differences. In
any case, the observation that the electric shock did
not evoke any calcium signals in terminal arborizations
of olfactory projection neurons demonstrates the spe-
cific responsiveness of DA neurons.
We next asked whether DA neurons in Drosophila
display predictive features similar to those revealed by
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1958rons respond to a surprising, i.e., unpredicted reinforc-
ing reward stimulus with a phasic increase in spike rate
[7]. In addition, during the course of associative training
they acquire the ability to predict the US [7]. The experi-
mental design we used to address this question con-
sists of four parts. The exact experimental design is
illustrated in Figure 3A (see figure legend for a detailed
description). First, a US test for responsiveness to the
electric shock was performed. Second, in a pre-training
phase we tested for odor-evoked responses prior to
conditioning. Third, a training phase in which the CS+
is paired with the US was performed. The CS− is pre-
sented without reinforcement. Because multiple trials
induce more effective learning than single trials [28],
seven training trials were performed. In order to reveal
whether DA neurons are able to predict an expected
US, we had to temporally separate the CS+ from the
US. Therefore, we presented 3 s odor stimuli that pre-
ceded the US. Two seconds after the CS+ onset, the
US was presented, resulting in a 1 s overlap of the CS+
and US. Fourth, we performed a post-training phase to
test again for odor-evoked responses after training. At
the end of the experiment, 10 l of 1M KCl solution was
applied directly into the Ringer’s solution covering the
brain. A strong calcium signal confirmed the viability of
the brain (data not shown).
Out of 14 recorded flies, ten animals showed re-
sponses to the last odor presentation and to the KCl
application and were included into the analysis. The
2 s electric shock (US) applied during the first phase
confirms the significant responsiveness of the neurons
(p < 0.02; n = 10; Figure 3B). In the second phase, the
two odors (again benzaldehyde and ethylacetate, dilu-
tion 10−3) are consecutively presented prior to training.
The order of the two odorants is altered from fly to fly
in a balanced way to exclude possible odorant-specific
effects. No significant difference between the two odor-
ants (p > 0.51) or the order of presentation (p > 0.17)
can be detected. Therefore, the responses of both
odors were averaged and quantified. Again, the odors
evoked a significant increase of 0.9 ± 0.2% R/R (mean ±
SEM; p < 0.0002; n = 20 stimulations in 10 animals)
in calcium activity. In the third phase, the differential
conditioning regime was performed. As can be seen in
the last training trial shown in Figure 3C, the odor-
evoked calcium signal is followed by the strong calcium
influx evoked by the electric shock. The peak amplitude
of activity is indistinguishable (p > 0.9) between the first
US presentation (2.8 ± 1.0% R/R; mean ± SEM) and
the US response in the last training trial (3.1 ± 0.8% R/R;
mean ± SEM), demonstrating that the US response
does not change during the course of the training pro-
cedure. In the fourth phase, in a test situation after
training, CS+ and CS− are presented again without the
US (Figures 3D and 3E).
In order to reveal whether the odor-evoked signals
change due to the training procedure, we compared
calcium signals evoked by the CS+ or CS− between the
pre-training and post-training situations. The ampli-
tudes of calcium signals at 1 s after stimulus onset are
not significantly different for the CS+ (p > 0.2) before
(0.8 ± 0.2% R/R) and after training (1.12 ± 0.2% R/R)
or for the CS− (p > 0.4) before (1.0 ± 0.2% R/R) and
after training (0.9 ± 0.3% R/R). However, after training,
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uthe response evoked by the CS+ is clearly more sus-ained than the response before training (Figure 3D). In
ontrast, the CS− shows an unchanged decay in cal-
ium activity after cessation of the stimulus (Figure 3E).
n order to quantify the training-induced prolongation
f calcium activity after specific pairing with the US, we
alculated the integrated areas between baseline and
atio values for 3 s time windows before, during, and
fter the odor stimulus (Figures 3D and 3E) and calcu-
ated the differences for pre- and post-training values
Figures 3F and 3G). Whereas during the stimulus no
raining-induced change in activity was detected for
he CS+ (p > 0.2), a significant difference was observed
uring the 3 s after the odor ceased (p < 0.02) (Figure
F). No such activity change is observed for the CS−
uring (p > 0.8) or after (p > 0.1) the stimulus (Figure
G). Therefore, DA neurons not only mediate a reinforc-
ng stimulus but also reflect in their activity the training-
nduced association with the US; in other words, during
raining they acquire the capability to predict the antici-
ated punishment.
How does this result fit into the current model of as-
ociative olfactory learning in Drosophila? Most data
re in favor of a coincidence of CS and US onto the
resynapses of Kenyon cells and a resultant strength-
ning of the synaptic efficacy from Kenyon cells to mush-
oom-body-extrinsic neurons that ultimately influence
he fly’s behavior [4, 6]. Our data suggest an extension
f that model by pointing to an as-yet-anatomically-
nidentified excitatory feedback loop from Kenyon-celligure 4. Neuronal Circuit Model for Punishment-Predicting Proper-
ies of DA Neurons
dor stimuli are represented in the antennal lobe as combinatorial
lomerular activity patterns, indicated as red glomeruli. Olfactory
rojection neurons convey the processed information to the mush-
oom-body calyx by forming multiple connections with Kenyon
ells, the intrinsic mushroom-body neurons. Combinatorial activity
atterns in the antennal lobes and in terminal arborizations of pro-
ection neurons are transformed into a sparse code, leading to the
ctivation of only a fraction out of many Kenyon cells. The coinci-
ent activation of a subset of Kenyon cells and the punishment-
nduced activation of dopaminergic neurons innervating the presyn-
pses lead to a strengthening of the Kenyon-cell output synapses
nto mushroom-body output neurons [4, 6]. The predictive proper-
ies of dopaminergic neurons suggest an excitatory (+) feedback
oop from mushroom-body output neurons onto dopaminergic
eurons.output neurons onto DA neurons (Figure 4). As a conse-
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1959quence of this proposed model, during the course of
CS-US association an odor stimulus of little relevance
gains a relevance that is subsequently represented in a
prolonged activation of the DA neurons mediating aver-
sive reinforcement. Of course, we cannot exclude the
possibility that other brain regions innervated by DA
neurons exhibit similar predictive features. However,
these predictive features do not seem to be necessary
for the initial formation of an aversive memory because
mushroom-body output is only needed for retrieval, not
for the formation of an aversive olfactory memory [12–14].
Interestingly, the phenomenon of predictive features
of DA neurons resembles the predictive properties of
vertebrate DA neurons [7, 29, 30]. The most obvious
difference, however, is the fact that DA neurons mainly
mediate rewarding reinforcement in vertebrates [29–
31], whereas in Drosophila DA release is dispensable
for appetitive learning [19]. In contrast, octopamine is
involved in appetitive olfactory learning in Drosophila
[19] and honeybees [18, 32, 33]. In bees, US mediating
and predicting properties in the context of appetitive
olfactory conditioning have been observed in an iden-
tified octopaminergic neuron [32]. It will be an interest-
ing future experiment to test whether DA neurons in
Drosophila do indeed respond exclusively to aversive
stimuli or whether they respond to reinforcing stimuli
in general.
In this context it is conspicuous that calcium activi-
ties evoked by an electric shock outlast the stimulus. If
the calcium activities revealed by our experiments re-
flect effective time windows for CS-US coincidence,
one would expect that backward pairing of US and CS
with short interstimulus intervals should also lead to
aversive learning. Indeed, Tanimoto et al. [34] have
shown this to be the case. However, when backward
pairing is performed with longer US-CS intervals (w30
s), an approach behavior toward the backward-condi-
tioned odor can be observed, with the functional impli-
cation that the odor may now indicate the absence of
the punishment [34]. It will be of interest in the future
to test whether such a conditioned approach behavior
involves also DA neurons.
A second difference with observations in vertebrates
concerns the fact that in mammals the responsiveness
of DA neurons to the increasingly predicted US dimin-
ishes during the course of the training and shifts toward
the predicting CS [7, 29, 30]. We have no evidence for
such a phenomenon in Drosophila because the re-
sponses to the first US presentation and US in the last
training trial are indistinguishable in amplitude. In this
respect, the reinforcement system in insects might be
significantly simpler than in vertebrates. Alternatively,
our training procedure could be too short to detect
such a phenomenon, or the US used could be too
strong. Despite those differences, our data suggest that
a reinforcing and US-predicting role of DA neurons rep-
resents a common principle of complex brains rather
than a specific feature of the mammalian central ner-
vous system.
Experimental Procedures
Drosophila melanogaster Strains
Expression of Cameleon 2.1 in DA neurons and DsRed in mush-
room bodies was achieved by crossing flies homozygous for bothUAS:Cameleon 2.1-82 [24] and TH-Gal4 [23] with flies homozygous
for mb247-DsRed. For expression of Cameleon 2.1 in olfactory pro-
jection neurons, flies were made homozygous both for UAS:Camel-
eon 2.1-82 [24] and GH 146-Gal4 [27].
Antibody Staining and Confocal Microscopy
Immunostaining of female Drosophila brains was performed ac-
cording to standard procedures as described in detail in the Sup-
plemental Experimental Procedures. The following antibodies were
used: mouse monoclonal mouse antibody nc82 [35], rabbit poly-
clonal anti-GFP (Molecular Probes), Alexa 488-conjugated goat
anti-rabbit-Ig antisera, and Cy3-conjugated goat anti-mouse-Ig an-
tisera (Molecular Probes). Confocal images obtained with a confo-
cal microscope (Leica TCS NT) were contrast enhanced (Meta-
morph software, Universal Imaging).
Imaging and Data Analysis
Preparation and optical imaging were performed as previously de-
scribed [26]. For a detailed description of the optical imaging setup
and odor application, see the Supplemental Experimental Pro-
cedures.
Data Analysis
Emission intensities within a region of interest were recorded for
EYFP and ECFP independently. For each trial, a fitted first-order
exponential function closely approximating the fluorescence decay
resulting from bleaching was calculated for EYFP and ECFP. Fluo-
rescence raw values were divided by that function, resulting in nor-
malized and bleaching-corrected emission intensities. The values
for EYFP, ECFP, and the ratio EYFP/ECFP were then normalized to
the value directly preceding stimulus onset (t = 0). For quantifica-
tion of changes in fluorescence intensities before, during, or after
a stimulus, the integrated area between zero and the corrected 
R/R values during the time period of interest was calculated. Be-
cause of a pairwise comparison of dependent data, the values ob-
tained by the same stimuli before and after training were statisti-
cally tested. For statistical analysis, Wilcoxon tests for paired
nonparametric data were used throughout.
Supplemental Data
Supplemental Experimental Procedures as well as four movies are
available with this article online at http://www.current-biology.com/
cgi/content/full/15/21/1953/DC1/.
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